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of his information and his unwearied efforts to advance 
zoological science. He was no less a thoughtful student 
of the labours of others than a discover of new forms 
and an accurate original inquirer. 

To one who had worked at the fauna of Siberia, at the 
collections made during the Novara expedition and those 
of the German exploring ship Gazelle, at the varied stores 
in the “Museum Godeffroy” of Hamburg, who had made 
himself familiar with the shores of the Adriatic and the 
Mediterranean, as well as those of France and Britain, 
the splendid zoological series made by H.M.S, Challenger, 
under the direction of Sir Wyville Thomson and his 
colleagues, could not but prove an irresistible attraction ; 
and it was this which tempted him more than anything 
else to make his last visit to this country in 1876, when 
he attended the Meeting of the British Association in 
Glasgow. 

Privately Prof. Grube was one of the most amiable and 
accomplished of men. Of commanding presence (he was 
a cuirassier in his youth), and frank and manly bearing, 
his fund of general information, his musical tastes, and 
great geniality, endeared him to all his friends. Nor was 
he less beloved as a teacher by his students. Full of life 
and work, and with an industry that never seemed to flag, 
he was suddenly cut off in the midst of his labours, and 
just as he was organising fresh researches. 

A full biography of Prof. Grube will appear in the 
Leopoldina in Halle, but, meanwhile, it is well to 
indicate in this countiy the sense of the great loss 
which zoological science has sustained by the death of 
this eminent investigator and teacher, W. C. M. 


THUNDERSTORMS 1 
IV. 

LMOST all the facts to which I have now adverted 
point to water-substance, in some of its many forms, 
as at least one of the chief agents in thunderstorms. And 
when we think of other tremendous phenomena which 
are undoubtedly due to water, we shall have the less 
difficulty in believing it to be capable of producing 
thunderstorms also. 

First of all let us think of some of the more obvious 
physical consequences of a fall of a mere tenth of an inch 
of rain. Suppose it to fall from the lowest mile of the 
atmosphere. An inch of rain is 51b. of water per square 
foot, and gives out on being condensed from vapour 
approximately 3,000 units of heat on the centigrade scale. 
The mass of the mile-high column of air a square foot in 
section is about 3601b., and its specific heat about a 
quarter. Thus its temperature throughout would be 
raised by about 33" C., or 6o° F. For one-tenth inch of 
rain, therefore, we should have a rise of temperature of 
the lowest mile of the atmosphere amounting to 3'3° C., 
quite enough to produce a very powerful ascending current. 
As the air ascends and expands it cools, and more vapour 
is precipitated, so that the ascending current is farther 
accelerated. The heat developed over one square foot of 
the earth’s surface under these conditions is equivalent to 
work at the rate of a horse-power for twelve minutes. 
Over a square mile this would be ten million horse-po\vc!r 
for half an hour. A fall of one-tenth of an inch of rain 
over the whole of Britain gives heat equivalent to the 
work of a million millions of horses for half an hour ! 
Numbers like these are altogether beyond the limits of 
our understanding. They enable us, however, to see the 
full explanation of the energy of the most violent hurri¬ 
canes in the simplest physical concomitants of the mere 
condensation of aqueous vapour. 

I have already told you that the source of atmospheric 
electricity is as yet very uncertain. Yet it is so common 
and so prominent a phenomenon in many of its mani- 

1 Abstract of a lecture, delivered in the City llall, Glasgow, by Prof. Tait. 
Continued from p. 410. 


feslations that there can bb little doubt that innumerable 
attempts have been made to account for it. But when 
we consult the best treatises on meteorology we find it 
either evaded altogether or passed over with exceedingly 
scant references to evaporation or to vegetation. Not 
finding anything satisfactory in books, I have consulted 
able physicists, and some of the ablest of meteorologists, 
in all cases but one with the same negative result. I had, 
in fact, the feeling which every one must experience who 
attempts to lecture on a somewhat unfamiliar subject, that 
there might- be much known about it which I had not 
been fortunate enough to meet with. Some years ago I 
was experimentally led to infer that mere contact of the 
particles of aqueous vapour with those of air, as they fly 
about and impinge according to the modern kinetic theory 
of gases, produced a separation of the two electricities, 
just as when zinc and copper are brought into contact the 
zinc becomes positively electrified and the copper nega¬ 
tively. Thus the electrification was supposed to be the 
resuit of chemical affinity. Let us suppose, then, that a 
particle of vapour, after impact on a particle of air, 
becomes electrified positively (I shall presently mention 
experiments in support of this supposition), and see what 
farther consequences will ensue when the vapour con¬ 
denses. We do not know the mechanism of the precipi¬ 
tation of vapour as cloud, and we know only partially that 
of the agglomeration of cloud-particles into rain-drops ; 
but of this we can be sure that, if the vapour-particles 
were originally electrified to any finite potential, the 
cloud-particles would be each at a potential enormously 
higher, and the rain-drops considerably higher still. For, 
as I have already told you, the potential of a free charged 
sphere is proportional directly to the quantity of electricity 
on it and inversely to its radius ; so when eight equal and 
equally charged spheres unite into one sphere of double 
the radius, its potential is four times that of each of the 
separate spheres. The potential in a large sphere, so 
built up, is in fact directly proportional to its surface as 
compared with that of anyone of the smaller equal spheres 
of which it is built. 

Now, the number of particles of vapour which go to the 
formation of a single average rain-drop is expressed in 
billions of billions ; so that the potential of the drop 
would be many thousands of billion times as great as that 
of a particle of vapour. On the very lowest estimate this 
would be incomparably greater than any potential we can 
hope to produce by means of electrical machines. 

But this attempt at explanation of atmospheric elec¬ 
tricity presents two formidable difficulties at the very 
outset. 

1. How should the smaller cloud-particles ever unite if 
they be charged to such high potentials, which of course 
must produce intense repulsions between them ? 

2. Granting that, in spite of this, they do so unite, how 
are they separated from the mass of negatively electrified 
air in which they took their origin ? 

I think it is probable that the second objection is more 
imaginary than real, since there is no doubt that the 
diffusion of gases would speedily lead to a great spreading 
about of the negatively electrified particles of air from 
among the precipitated cloud-particles into the less highly 
electrified air surrounding the cloud. And if the sur¬ 
rounding air were equally electrified with that mixed with 
the cloud, there would be no electric force preventing 
gravity from doing its usual work. This objection, in 
fact, holds only for the final separation of the whole 
moisture from the oppositely electrified air ; and gravity 
may be trusted to accomplish this. That gravity is an 
efficient agent in this separation is the opinion of Prof. 
Stokes. It must be observed that as soon as the charge 
on each of the drops in a cloud rises sufficiently, the 
electricity will pass by discharge to those which form the 
bounding layer of the cloud. 

The first objection is at least partially met by the 
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remark that in a cloud-mass when just formed, if it be at 
all uniform, the electric attractions and repulsions would 
approximately balance one another at every point, so that 
the mutual repulsion of any two water-drops would be 
almost compensated, except when they came very close 
to one another. 

But there is nothing in this explanation inconsistent 
with the possibility that the particles of water may be 
caused to fly about repeatedly from cloud to cloud, or front 
cloud to an electrified mass of air ; and in many of these 
regions the air, already in great part deprived of its 
moisture, may have become much cooled by expansion as 
it ascends, so that the usual explanation of the produc¬ 
tion of hail is not, at least to any great extent, interfered 
with. 

I may here refer to some phenomena which seem to 
offer, if closely investigated, the opportunity for the large 
scale investigations which, as I shall presently show, will 
probably be required to settle the source or sources of 
atmospheric electricity. 

First, the important fact, well known nearly 2,000 years 
ago, that the column of smoke and vapour discharged by 
an active volcano gives out flashes of veritable lightning. 
In more modern times this has been repeatedly observed 
in the eruptions of Vesuvius and other volcanos. 

Sabine, while at anchor near Skye, remarked that the 
cloud-cap on one of the higher hills was permanently 
luminous at night, and occasionally gave out flashes 
resembling those of the aurora. I have not been able to 
obtain farther information as to this very important fact; 
but 1 have recently received a description of a very similar 
one from another easily accessible locality. 

My correspondent writes from Galway, to the following 
effect, on the 2nd of the present month:— 

“At the commencement of the present unprecedentedly 
long and severe ;storm the wind blew from south-west 
and was very warm. After blowing for about two days it 
became, without change of direction , exceedingly bitter 
and cold; and the rain was, from time to time, mixed 
with sleet and hail, and lightning was occasional. This 
special weather is common for weeks together in March 
or early April. The air is (like what an east wind brings 
in Edinburgh) cold, raw, dry, and in every way uncom¬ 
fortable, especially to people accustomed to the moist 
Atlantic winds. During these weeks a series of small 
clouds, whose shadows would only cover a field of a few 
acres, seem to start at regular intervals from the peaks of 
hills in Connemara and Mayo. They are all more or less 
charged with electricity. From high ground, behind the 
city, I have at one time seen such a cloud break into 
lightning over the spire of the Jesuits’ church. At 
another, I have seen such a cloud pour down in a thin 
line of fire, and fall into the bay in the shape of a small 
incandescent ball. On one occasion 1 was walking with 
a friend, when I remarked, ‘ Let us turn and make a run 
for it. We have walked unwittingly right underneath a 
little thundercloud.’ I had scarcely spoken when a some¬ 
thing flashed on the stony ground at our very feet, a 
tremendous crash pealed over our heads, and the smell of 
sulphur was unmistakable. I fancy that I have been 
struck with these phenomena more than others, from the 
circumstance that they have always interfered with my 
daily habits. My walks often extended to considerable 
distances and to very lonely districts. Now these small 
local spurts of thunderstorms would hardly excite attention 
in the middle of a town, all the less as the intervening 
weather is bright, though raw- these spurts coming on 
every three or four quarters of an hour. Neither would 
they excite much attention in the country, as, while such 
a little storm was going on in one’s immediate neighbour¬ 
hood, you would see at no great distance every sign of fine 
weather. In fact they always seem to me like the small 
change of a big storm.” 

My correspondent, though a good observer and eloquent 


in description, is not a scientific man. But it is quite 
clear from what he says that a residence of a few weeks 
in Galway, at the proper season, would enable a trained 
physicist to obtain, with little trouble, the means of 
solving this extremely interesting question. He would 
require to be furnished with an electrometer, a hygro¬ 
meter, and a few other simple pieces of apparatus, as well 
as with a light suit of plate armour, not of steel but of the 
best conducting copper, to insure his personal safety. 
Thus armed he might fearlessly invade the very nest or 
hatching-place of the phenomenon, on the top of one of 
the Connemara hills. It is to be hoped that some of the 
rising generation of physicists may speedily make the 
attempt, in the spirit of the ancient chivalry, but with the 
offensive and defensive weapons of modern science. 

Another possible source of the electricity of thunder¬ 
storms has been pointed out by Sir W. Thomson. It is 
based on the experimental fact that the lower air is 
usually charged with negative electricity. If ascending 
currents carry up this lower air the electricity formerly 
spread in a thin stratum over a large surface may, by 
convection, be brought into a very much less diffused 
state, and thus be raised to a potential sufficient to enable 
it to give a spark. 

However the electrification of the precipitated vapour 
may ultimately be accounted for, there can be no doubt 
of the fact that at least as soon as cloud is formed the 
particles are electrified ; and what I have said as to the 
immense rise of potential as the drops gradually increase 
in size remains unaffected. I have tried various forms of 
experiment, with the view of discovering the electric 
state of vapour mixed with air. For instance, I have 
tested the vapour which is suddenly condensed when a 
receiver is partially exhausted; the electrification of 
cooled bodies exposed to moist air from a gasholder; and 
the deposition of hoar-frost from a current of moist air 
upon two polished metal plates placed parallel to one 
another, artificially cooled, and connected with the outer 
and inner coatings of a charged jar. A 11 have given 
results, but as yet too minute and uncertain to settle such 
a question. These experiments are still in progress. It 
appears probable, so far, that the problem will not be 
finally solved until experiments are made on a scale much 
larger than is usual in laboratories. 

A great thunderstorm in summer is in the majority of 
cases preceded by very calm sultry weather. The atmo¬ 
sphere is in a state of unstable equilibrium, the lower 
strata are at an abnormally high temperature, and highly 
charged with aqueous vapour. It is not easy, in a 
popular lecture like this, to give a full account of what 
constitutes a state of stable equilibrium, or of unstable, 
especially when the effects of precipitation of vapour are 
to be largely taken into account. It is sufficient for my 
present purpose to say that in all cases of thoroughly 
stable equilibrium, a slight displacement tends to right 
itself; while, in general, in unstable equilibrium, a slight 
displacement tends to increase. Now, if two cubic feet 
of air at different levels could be suddenly made to change 
places, without at first any other alteration, and if, on 
being left to themselves, each would, under the change of 
pressure which it would suddenly experience, and the 
consequent heating or cooling, with its associated evapo¬ 
ration or precipitation of moisture, tend to regain its 
former level, the equilibrium would be stable. This is 
not the case when the lower strata are very hot, and fully 
charged with vapour. Any portion accidentally raised to 
a higher level tends to rise higher, thus allowing others 
to descend. These, in consequence of their descent, tend 
still farther to descend, and thus to force new portions up. 
Thus, when the trigger is once pulled, as it were, wc soon 
have powerful ascending currents of hot moist air, pre¬ 
cipitating their moisture as cloud as they ascend, cooling 
by expansion, but warmed by the latent heat of the 
vapour condensed. This phenomenon of ascending 
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currents is strongly marked in almost every great thunder¬ 
storm, and is precisely analogous to that observed in 
the centre of a West Indian tornado and of a Chinese 
typhoon. 

When any portion of the atmosphere is ascending it 
must be because a denser portion is descending, and 
whenever such motions occur with acceleration the 
pressure must necessarily be diminished, since the lower 
strata are not then supporting the whole weight of the 
superincumbent strata. If their whole weight were sup¬ 
ported they would not descend. Thus even a smart 
shower of rain must directly tend to lower the barometer. 
[A long glass tube, filled with water, was suspended in a 
vertical position by a light spiral spring, reaching to the 
roof of the hall. A number of bullets hung at the top of 
the water column, attached to the tube by a thread. 
When the thread was burned, by applying a lamp, the 
bullets descended in the water, and during their descent 
the spring contracted so as to raise the whole tube several 
inches.] 

In what I have said to-night I have confined myself 
mainly to great thunderstorms, and to what is seen and 
heard by those who are within their sphere of operation. 
1 have said nothing of what is commonly called summer- 
lightning, which is probably, at least in a great many 
cases, merely the faint effect of a distant thunderstorm, 
but which has also been observed when the sky appeared 
tolerably clear, and when it was certain that no thunder¬ 
storm of the ordinary kind had occurred within a hundred 
miles. In such cases it is probable that we see the 
lightning of a storm which is taking place in the upper 
strata of the atmosphere, at such a height that the thunder 
is inaudible, partly on account of the distance, partly on 
account of the fact that it takes its origin in air of small 
density. 

Nor have I spoken of the aurora, which is obviously 
connected with atmospheric electricity, but in what precise 
way remains to be discovered. Various theories have 
been suggested, but decisive data are wanting. Dr. 
Balfour Stewart inclines to the belief that great auroras, 
visible over nearly a whole terrestrial hemisphere, are due 
to inductive effects of changes in the earth's magnetism. 
This is not necessarily inconsistent with the opinion that, 
as ordinary auroras generally occur at times when a con¬ 
siderable change of temperature takes place, they are 
phenomena due to the condensation of aqueous vapour in 
far less quantity, but through far greater spaces, than the 
quantities and spaces involved in ordinary thunderstorms. 

In taking leave of you and of my subject I have two re¬ 
marks to make. First, to call your attention to the fact that 
the most obscure branches of physics often present matter 
of interesting reflection for all, and, in consequence, ought 
not to be left wholly in the hands of professedly scientific 
men. Secondly, that if the precautions which science 
points out as, at least in general, sufficient, were recognised 
by the public as necessary, the element of danger, which 
in old days encouraged the most debasing of superstitions, 
would be all but removed from a thunderstorm. Thus 
the most timid would be able to join their more robust 
fellow-creatures in watching fearlessly, but still of course 
with wonder and admiration, one of the most exquisite of 
the magnificent spectacles which Nature from time to 
time so lavishly provides. 


PHYSICS WITHOUT APPARATUS 
IV. 

'T'HF. science of heat constitutes one of those depart- 
ments of physics in which both the uninitiated 
beginner and the advanced student can find food for 
thought. To follow out the theoretical teachings of the 
science of heat requires a knowledge of abstruse mathe¬ 
matical formulae; but, on the other hand, a very large 

1 Continued from p. 368. 


proportion of the fundamental facts of experiment upon 
which the science depends can be illustrated with the 
simplest means. 



Fig. ii. 


The property possessed by almost all material bodies 
of expanding when they are warmed affords us the means 



Fig. 12. 


of ascertaining the degree to which they are warmed. 
Thus the expansion of the quicksilver in the bulbs of our 
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